Complete phase segregation may occur on a 10 cm scale even in the absence of buoyancy due to unidirectional, large-scale rapid bulk flow. Using a hexadecane-acetone nearly density-matched liquid mixture in a 20-cm-long condenser tube with a 1 cm diameter, we observed the rapid axial migration of the acetone-rich drops towards the warmer regions of the condenser. Conversely, the hexadecane-rich drops moved in the opposite direction, therefore ruling out thermocapillary effects as a possible explanation of the phenomenon. These flows lead to a complete phase segregation within 10 s, with the formation of a single interface perpendicular to the axial direction. Changing the temperature gradient along the tube from 0.25 to 1°C/cm no change was detected, with typical drop speeds up to 6 cm/ s, irrespective of the distance of the drop from the wall, showing that the phenomenon is not due to a flow instability.
I. INTRODUCTION
1 When a binary mixture is quenched ͑or heated͒ from its single-phase region to a temperature below ͑above͒ the composition-dependent spinodal curve, it phase separates through a process called spinodal decomposition, 1 which is characterized by the spontaneous formation of single-phase domains, proceeding then to grow and coalesce. Unlike nucleation, which starts from a metastable state where activation energy is required to initiate the separation, spinodal decomposition starts from an unstable state and involves the growth of any fluctuations whose wavelength exceeds a critical value. In general, as the growth of the single-phase patches is due to the movement of one phase relative to the other, it can be driven by two mechanisms, namely, diffusion and convection. Diffusion is induced by the velocity fluctuations of the molecules that compose the system at thermal equilibrium and consists of their incoherent, random motion, with no specific preferential direction. On the contrary, convection can exist only for a system far from equilibrium, as it consists of the collective, coherent motion of its molecules, and is therefore a much faster process than diffusion.
If the mixture is quenched to a temperature only by a few millikelvins below its critical value or for very viscous systems such as polymer mixtures, the process is driven by diffusion and therefore is very slow. [2] [3] [4] [5] On the contrary, when low-͑i.e., water-like͒ viscosity liquid mixtures are quenched to a temperature deeply below their critical point of miscibility, the process of phase separation is much faster and is driven by convection. 2, 3, 5, 6 Based on dimensional analysis, such convection must be due to surface-tension effects. 7 This is confirmed by a more detailed analysis through the socalled coalescence-induced coalescence, 8, 9 where the strong gradient in curvature at the neck of each coalescing pair of droplets induces a flow which, in turn, causes further coalescence. These models, though, assume that the system is at local equilibrium, so that surface tension can be defined, while experimentally it has been shown 10 that convection starts well before the appearance of sharp interfaces. Such hypothesis of local equilibrium is removed in the more fundamental diffuse interface model, [11] [12] [13] where convection is induced by a ͑nonequilibrium͒ body force that is proportional to chemical-potential gradients. At the end of phase separation, after the system has developed well-defined phase interfaces, this body force reduces to the more conventional surface-tension, 14, 15 so that, eventually, the diffuse interface model becomes a generalization of surface-tensionbased models. Accordingly, the convective driving force can be seen as a nonequilibrium attractive capillary force among drops which enhances coalescence [16] [17] [18] until, eventually, the single-phase patches become large enough that buoyancy dominates surface-tension effects and the mixture separates by gravity. 19 Based on the diffuse interface model, we have simulated the gravity-free phase separation of regular mixtures with water-like viscosity in isothermal conditions, [20] [21] [22] separation. 2, 3, 6, 7, 17, 23 In addition, we saw that, in the absence of any preferential direction, convection occurs in random directions, producing effects that are very similar to turbulent transport. We also found that during the process of phase segregation the system is far from local equilibrium, explaining why we observe bulk motion even at late stages, when the system is composed of nucleating drops with sharp interfaces. 17, 24 These predictions, though, could not be fully confirmed in our previous experimental works, 10 ,17,24 since we were using the narrow glass cell shown in Fig. 1͑a͒ , where wall effects could never be ruled out. For example, in that cell, quenching a critical, density-matched mixture to a temperature of 20°C, we showed that, 24 at the end of the phase separation process, one phase is distributed along the walls of the cell, while the other forms a large domain at the center of the cell, revealing that the nonequilibrium force that is responsible for phase separation is too small to overcome wall effects. In the present study, we either strengthen this driving force by increasing the depth of the temperature quench within the cell or weaken all wall effects, replacing the narrow cell with the condenser tube of Fig. 1͑b͒ , showing that phase segregation in the presence of weak temperature gradients may result in unidirectional, large-scale convection.
II. EXPERIMENTAL RESULTS
In our experiments we used the acetone-hexadecane liquid mixture that was used in previous works, 10, 24 and whose phase diagram is represented in Fig. 2 ,with a T c = 27°C critical temperature. At ambient temperature, this mixture separates into two phases, with a density difference ␦ =6 ϫ 10 −4 g/cm 3 that, although very small, is still sufficient to cause a slow separation of a droplet dispersion by settling and coalescence. Similarly, so-called isopycnic mixtures have also been used by Guenoun et al. 6 In addition, 100 ppm of crystal violet, a dye that absorbs preferentially in acetone, was added to the mixture to enhance the visualization of the process. When dissolved in such a small percent, this dye does not change the phase diagram of the mixture or the characteristics of the phase separation process. Two systems were used, the former having a 50% acetone and 50% hexadecane volumetric critical composition, in which the dispersed phase is acetone rich, while the second system consisted of a 70% acetone -30% hexadecane mixture, where the dispersed phase is hexadecane rich.
In all our experiments, we started with the mixture in its phase-separated state at a 20°C constant temperature. Then, the solution was first heated to 38°C ͑i.e., well above its 27°C critical temperature͒, mixed thoroughly, and finally quenched back to 7°C, with a quench rate of about 3°C/s. This quenching was achieved by circulating cooling water at 7°C through the outer chamber of the cell or of the condenser. Inserting three thermocouples within a cross section of the condenser tube, we saw that there was no detectable temperature difference along the radial direction. Instead, this rapid quench resulted in a small temperature gradient along the axial direction, which played a crucial role in our results. In Fig. 3 the temperature profile along the axial direction of the condenser is shown, revealing that during phase separation there was, at most, a 0.28°C/cm temperature gradient. Convection induced by temperature gradients alone, though, was ruled out, as no axial fluid flow was observed when the mixture was replaced with water. Similar results were obtained by Santonicola et al. 10 In order to investigate the interplay between gravity and growth, we considered two sets of experiments. In the first, we used the experimental setup sketched in Fig. 1͑a͒ , consisting of a temperature-regulated, 1-mm-thick, 10-mm-high, 40-mm-long sample cell, an optical microscope with xenon illuminator, and a high-resolution digital camera. The sample cell was kept horizontal and filled with the critical mixture, while its temperature was regulated by placing it into an 8-mm-thick jacket, where temperature-controlled water was circulated.
The results of the visualization of the phase separation within the cell are shown in Fig. 4 , with the time t = 0 corresponding to the moment when the temperature of the mixture crossed the miscibility curve. The separation process occurred in two stages. First, small droplets formed in the whole cell, which rapidly coalesced into larger droplets, as it was observed in previous experimental works. 17, 23 Then, blue, acetone-rich droplets moved rapidly towards the warmer region of the cell along the longitudinal direction ͑i.e., to the right in Fig. 4͒ and coalesced, until, eventually, the two phases were completely separated by a clear vertical interface, which remained stable even when phase equilibrium was achieved. When the flow of the cooling water was inverted, phase segregation took place in the same way, but the acetone-rich phase moved to the left and the hexadecanerich phase to the right. Repeating the experiments in a vertical cell, we obtained identical results.
Naturally, one can suspect that, within the small cell, interfacial glass-liquid forces as well as capillary forces could play an important role. Furthermore, since we were interested in obtaining results that could be applied on industrial scales, we needed to see whether our results could be scaled up. Therefore, we designed and built a new experimental setup consisting of the condenser tube shown in Fig.  1͑b͒ , 20 cm long and 1 cm in diameter, where individual droplets in a size range of 0.5 mm in diameter and up could be visualized without a microscope.
In Fig. 5 we see that the phase separation of the critical mixture in the condenser tube occurred in much the same way as in the cell: Acetone-rich droplets formed in the whole tube and started to move along the axial direction, towards the warmer region, until a vertical interface appeared at the warmer end of the tube. Then, this interface moved towards the middle ͑i.e., the colder region͒ of the tube, until complete phase segregation was achieved at time t = 8 s, where, as before, t = 0 corresponds to the moment when the temperature of the mixture crossed the miscibility curve. At the end, when t = 20 s, the small density difference made the system unstable, so that the heavier phase moved to the bottom part of the condenser, resulting in a horizontal interface. Again, when we reversed the temperature gradient by exchanging the inlet and the outlet of the cooling system, the flow was reversed as well. In addition, we observed that, initially, when the drops were small, a strong random motion was superimposed to their net drift, while as the drop size increased, such random motion weakened considerably.
We also noted that, as the separated acetone phase cooled further, secondary phase separation occurred, leading to the formation of droplets of the hexadecane-rich phase, flowing towards the colder region. To confirm this effect, we repeated the experiments using a 70% acetone -30% hexadecane mixture, where the continuous phase was acetone rich. In that case, we observed ͑see Fig. 6͒ that the hexadecane-rich dispersed phase moved to the colder region, with similar motion of the droplets and morphology as in Fig. 5 . Again, once the interface formed at the colder end of the tube, it moved towards the middle ͑i.e., the warmer region͒ of the tube. 
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Finally, we checked the influence of gravity, repeating all the experiments using a density-segregated mixture composed of 58% acetonitrile, 38% water, and 4% toluene in volume which, at ambient temperature, separates into two phases with a 7 ϫ 10 −2 g/cm 3 density difference. In that case, heating the mixture above its 35°C critical temperature and then cooling it down to 7°C, vertical interfaces never formed and a horizontal interface appeared at about t =10 s, both in the cell and in the condenser tube. Clearly, in this case, at all stages of the process the driving force that is responsible for phase separation was not strong enough to overcome the effect of buoyancy.
At this point, we measured the velocity of individual drops, exploiting a feature of the Diagnostic Instruments SPOT ͑model 3.2.1͒ digital camera, which captures the three basic colors ͑red, green, and blue͒ sequentially in three succeeding pictures, with an adjustable time interval between them ͑we used 0.12 s͒. Using this technique, we saw that at t = 2 s droplets were about 2 mm in size and moved with a drift velocity of approximately 3 mm/ s, irrespective of their size, with a weak random motion superimposed to it ͑see Fig. 7͒ . Later, at t = 6 s, droplets were over 5 mm in size and reached velocities up to 6 cm/ s, with no random motion. At this point, though, larger drops moved faster than smaller drops, thereby enhancing coalescence, although the dependence of the drop speed on the drop size could not be determined ͑we can say, however, that this dependence is less than linear͒. To make sure that this effect was not caused by flow instabilities, we took pictures at different cross sections of the tube and measured the velocity of a few hundred droplets, finding that all drops moved in the same direction ͑i.e., with no back flow͒, both those near the wall as well as those at the center of the tube. In addition, when the flow rate of the cooling water was reduced, so that the temperature gradient increased from 0.25 to 1°C / cm, no change was reported, therefore confirming that drop migration here was not caused by thermocapillary forces. This indicates that temperature gradient is not directly responsible for the force acting on the droplets, although it acts as a switch for the direction of the flow.
As mentioned in the Introduction, previous experiments using density-matched mixtures have not revealed this unidirectional convection because the temperature quench was not deep enough. In fact, in a previous work 24 we showed that quenching our critical, quasi-isopycnic mixture in the cell of Fig. 1͑a͒ to a temperature of 20°C, instead of 7°C, caused the mixture to be segregated at the end of the phase separation process so that the acetone-rich phase was distributed along the walls of the cell, while the hexadecane-rich phase formed a large domain at the center of the cell, showing that the nonequilibrium force that is responsible for the phase separation is too small, in this case, to overcome wall effects.
III. DISCUSSION AND CONCLUSIONS
In this paper we presented an unexpected result: When a low-viscosity and nearly isopycnic binary mixture is quenched deeply and rapidly into its spinodal region, it develops a unidirectional and large-scale convective motion of the nucleating droplets along the direction of the temperature gradient. In fact, thanks to such large-scale flows, complete phase segregation may occur within 10 s on a 10 cm scale, even in the absence of buoyancy.
The results that we describe here are surprising and quite reproducible, yet they are not completely understood, although we can rule out thermocapillary effects as a possible explanation of this phenomenon. In fact, thermocapillary velocity is proportional to the temperature gradient, while here we saw that this factor hardly influences the velocity of the drops. In addition, the direction of the thermocapillary velocity of a drop is proportional to the gradient of its surface tension with respect to temperature. Accordingly, the thermocapillary velocity of acetone-rich drops has the same direction as that of hexadecane-rich drops, while in our experiments acetone-rich and hexadecane-rich drops moved in opposite directions.
The strong convection that we observed cannot be ascribed to flow instability either, because in that case the drops, at least initially, would follow closed trajectories, while here we saw explicitly that they all moved in the same direction, with no back flow.
A preliminary explanation of the phenomenon, instead, must be based on the fact that the system is far from equilibrium and therefore it is subjected to a force that is proportional to the local chemical-potential gradient. 8 In fact, it has been observed experimentally 2, 3 and confirmed numerically 9 that, in the absence of temperature gradients, drops move in random directions, with an instantaneous velocity that depends on the distance of the system from its equilibrium state and is therefore a function of the composition of the drops ͑and the composition of the continuous phase as well͒. As soon as a small temperature gradient is applied to the mixture, drops start moving coherently either parallel or antiparallel to the temperature gradient. Accordingly, the temperature gradient has merely the effect of orienting all the drop speeds along the same direction and that is why its magnitude does not influence the phenomenon. The temperature gradient, though, must lie within a certain range: It cannot be too small, otherwise it cannot orient the drop velocities; but it cannot be too large either, otherwise conventional flow instabilities and thermocapillary effects become relevant. Although this explanation is far from complete, it is consistent with previously obtained results, 10 where we studied the phase separation in a system with a preexisting concentration gradient. In addition, this explanation is consistent with the fact that no radial temperature gradient was observed, as the radial convection predicted by the model would strongly increase heat transport in that direction. Unfortunately, though, our experimental setup was not designed to detect radial flows.
While the existence of flows driven by chemical potentials has been previously observed on a smaller scale, flows of this magnitude have never been reported. This new phenomenon is totally reproducible and controllable, therefore offering a challenging subject for theoretical and experimental investigations of separation processes, as well as for inducing flows in microgravity environments.
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